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Background: Emerging evidence indicates that early adverse experiences result in 
the maladaptive development of the hypothalamic-pituitary-adrenal (HPA) axis and 
compromise the developing brain to subsequent neurological insults. Well known that 
mother−infant interaction plays an important role in early environment stimula-
tion, neonatal isolation (NI) paradigm has been used as an early-life stress model in 
many relevant studies. Further, the effect of seizure on the developing brain is still 
not clarified despite more susceptibility to seizures of the developing brain. We had 
previously demonstrated that NI exacerbates cognitive deficit following early-life 
seizure. The aim of the current study was to investigate whether NI predisposes the 
brain to early-life seizure-induced long-term anxiety sequelae.
Methods: Rats were assigned randomly to the following four groups: (1) normal rearing 
rats (NR); (2) NI rats that underwent daily separation from their dams from postnatal 
day 2 (P2) to P9; (3) NR rats suffering lithium-pilocarpine-induced status epilepticus 
(SE) at P10 (NR + SE); and (4) NI + SE rats. At P60, anxiety-related behavior was evalu-
ated using elevated plus-maze (EPM) test.
Results: SE induced in isolated rats rather than in NR rats produced a decrease in per-
centage of time spent in open arms, and all rats experiencing NI displayed reduced 
number of closed arm entries.
Conclusion: Repetitive brief NI exacerbates anxiety-related behavior in EPM test 
following early-life SE.
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1. Introduction
The developing brain is more susceptible to seizure 
activity. However, numerous studies have demon-
strated that the consequences of seizures are much 
more subtle early in life than in the adult brain.1−6 
Increased awareness of age-specific injuries result-
ing from seizures has promoted research to deter-
mine the circumstances under which early-life 
seizure may result in aggressive damage and produce 
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permanent neurological deficits. The outcomes of 
the research on early-life stress illustrate the vul-
nerability of the brain to subsequent neurological 
events and the resulting persistent impact on neu-
robehavior and cognition.7−18 Our research demon-
strates that early-life seizure in a stressed brain 
resulting from neonatal isolation (NI) can cause 
more injury than seizures under a normal environ-
ment, such as acute neuronal degeneration in the 
hippocampus, reduced seizure threshold, and im-
paired spatial learning and memory, which might 
be involved in the excessive corticosterone (CORT) 
release after seizure.17,18 Because frequent comor-
bidities in epilepsy patients comprise major psycho-
sis and major cognitive dysfunctions, we would like 
to broaden the scope of our research using the NI 
model to examine whether early-life stress increases 
the risk of the sequelae of anxiety following early-
life seizure.
Children are endowed with not only genes from 
their parents but also an environment.19 Early life 
experiences, particularly parental care, could pro-
gram the development of hypothalamic-pituitary-
adrenal (HPA) axis responses to stress,15,16,20−26 and 
result in persistent effects on neurobehavioral de-
velopment.7−13,27−29 Disruption of normal maternal 
behavior in rats during the stress-hyporesponsive 
period (SHRP), extending from postnatal days 2−3 
(P2−3) up to 2 weeks of age, could influence the 
development of the HPA axis.21−24,26 Interestingly, 
Weaver et al26 demonstrated that maternal behavior 
continuously alters DNA methylation at the gluco-
corticoid receptor (GR) gene promoter site; more-
over, the offspring of mothers exhibiting less licking 
and grooming of pups show decreased GR gene ex-
pression in the hippocampus and an increased plasma 
CORT response to acute stress as adults.
Recurrent brief isolation of an individual pup 
from the dam and litter during SHRP is considered 
a psychological stressor, effectively increasing the 
activity of the HPA axis and altering the expressions 
of corticotropin-releasing factor (CRF)-positive 
neurons or CRF mRNA in the amygdala and 
hippocampus.18,22,30−32 Considering the importance 
of CRF systems in the amygdala and hippocampus 
to both the behavioral and HPA responses to stress 
and the increased CORT release after status epi-
lepticus (SE) in the isolated rats,18 we assumed 
that early-life seizure would result in greater anxi-
ety throughout their lifetime in NI rats than in the 
normal-reared rats. We selected the NI model in-
volving a 1-hour isolation of an individual pup daily 
from the dam during P2−9 as early stress and lithium-
pilocarpine (Li-Pilo)-induced SE in P10 rats as early-
life seizure. In adults, the anxiety-related behavior 
was assessed using an elevated plus-maze (EPM) test. 
The EPM test had been extensively validated as a 
test of anxiety in the rat, using both physiological 
and pharmacological measures.33−35
2. Methods
To investigate whether NI exacerbates anxiety pro-
files following early-life seizure, the rats were ran-
domly assigned to four groups: (1) normal-reared 
(NR) rats; (2) rats experiencing NI; (3) NR rats sub-
jected to Li-Pilo-induced SE (NR+SE); and (4) NI 
rats subjected to SE (NI+SE). We subjected the rat 
pups to normal rearing (non-isolated) or NI (isolated) 
during P2−9. Both the isolated and non-isolated rats 
were then divided into two groups, wherein one 
group received saline at P10 (NR and NI groups) 
and the other underwent Li-Pilo-induced SE at P10 
(NR+SE and NI+SE groups). Anxiety-like behavior in 
the EPM test was measured at P60. Figure 1 provides 
a graphic summary of the experimental design.
2.1. Animals
We purchased Sprague-Dawley (SD) rats from the 
National Science Council for this study. The rats 
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Figure 1  Schematic diagram of the study design. NR = normal rearing; NI = neonatal isolation; NR + SE = NR rats suffering 
Li-Pilo-induced status epilepticus; NI + SE = neonatal isolation plus status epilepticus; Li-Pilo = lithium-pilocarpine.
Isolation and seizures enhance anxiety 21
were housed in an animal care facility with a light-
dark cycle with lights on from 7 a.m. to 7 p.m., 
and were allowed access to standard rat chow and 
water ad libitum. Daily at 10 a.m., pregnant rats 
were checked for litters. The day of birth was des-
ignated as P0, and litters were then left undisturbed 
separate from the regular cage maintenance until 
the first day of manipulation. The rat pups were 
weaned at P21. All experiments were carried out 
in accordance with the guidelines set by the Animal 
Care and Use Committee (National Science Council, 
Taiwan), and efforts were made to minimize animal 
suffering during the experiments.
2.2. Neonatal isolation procedure
Repeated isolation of neonates from the mother is 
a well-characterized model of early-life stress.21,24 
The short-term repetitive isolation paradigm, con-
sidered to be a psychological stressor, was used be-
cause it could increase the activity of the HPA axis 
in the isolated rat without any obvious effects on 
body weight or body temperature throughout life.24 
The rat pups were culled to 10−12 per litter at P1, 
and the pups were randomly subjected to one of the 
two manipulations: isolation and non-isolation. The 
rat pups were isolated from dams for 1 hour every 
day (10−11 a.m.) from P2 to P9. The isolated rat 
pups were removed from the nest one at a time, 
weighed, and then placed individually in a clean 
plastic cup (diameter, 9.5 cm; depth, 8 cm) in a 
humidity-controlled (50%) environment. The cage 
was regulated at a temperature of 30 ± 1°C to 
maintain the normal body temperature of the rat 
pups.18,24 The chamber produced ultrasonic noise to 
interrupt the hearing of other pups’ calls (Modulated 
Sweeping Ultrasonic Sounds, Taipei, Taiwan). At the 
end of the isolation period, the pups were returned 
to the home cage with the litter and dam.
2.3. Induction of seizures
To induce SE, the rat pups of the NR + SE and NI + 
SE groups were intraperitoneally (i.p.) adminis-
tered 3 mEq/kg lithium chloride at P9 and 60 mg/
kg pilocarpine at P10. Pilocarpine is a cholinergic 
agonist that induces seizures with resultant brain 
damage.36,37 Pretreatment with lithium potentiates 
the epilepto genic action of pilocarpine and reduces 
mortality.36 The rat pups of the NR and NI groups 
were i.p. injected with saline of the same volume 
for each kilogram of body weight at P9 and P10. 
Lithium chloride and pilocarpine were purchased 
from Sigma (St Louis, MO, USA). All rats were con-
tinuously monitored for behavioral seizures by an 
experienced observer. Only rats that demonstrated 
forelimb clonus, equivalent to stage 3 of Racine 
kindling seizure scale,38 were included in the 
subsequent evaluations.
2.4. EPM testing
The EPM consisted of a central platform (10 × 10 cm2) 
from which two open arms (50 × 10 cm2 with a 5-mm 
clear Plexiglas lip) and two closed arms (50 × 10 cm2 
with 40-cm high walls) extended in opposite di-
rections, giving the maze the shape of a “plus” sign 
(Figure 2). The entire maze was elevated to a height 
of 50 cm above the floor, forming an aversive stim-
ulus for the animals in the open arms. A rat was 
placed in the central square of the EPM with its head 
facing an open arm and was then allowed to freely 
explore the maze for 5 minutes. After each 5-minute 
test, the rat was returned to its home cage, and the 
maze was cleaned with 70% ethanol. A decrease in 
the percentage of time in the open arms relative 
to time in the open plus closed arms was used as 
an index of anxiety.35 The number of closed-arm 
entries provided a better measure of locomotor 
activity in this test.35 An arm entry was defined as 
all four paws entering the arm.
2.5. Statistical analysis
Two-way analysis of variance (ANOVA) was used to 
analyze the anxiety-related behavioral measure-
ments. Repeated-measures ANOVA was used to com-
pare differences across the epochs of body weight 
as a function of time. Specific comparisons between 
groups were made by post hoc Bonferroni test. Values 
were expressed as mean ± standard error of the mean 
(SEM), and significance was defined as p < 0.05 for all 
tests.
5 mm
10 cm
Open arm
50 
cm 50 cm
40 cm
50 cm
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Closed arm
Figure 2  Elevated plus-maze equipment.
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3. Results
3.1. Behavioral effects
There was no difference across the epochs of body 
weight compared at P2, P9 and P30 between groups 
(Figure 3). All rats receiving Li-Pilo-induced SE dem-
onstrated a similar seizure severity, which was char-
acterized by head nodding, extension of the tail and 
hindlimbs, and forelimb clonus without rearing or 
falling (Racine seizure stage 3). The mortality was 
similar for each group during seizure induction or 
follow-up.
3.2. Effects on behavior in the EPM test
Anxiety-like behavior was measured using the EPM 
test. The factor of sex had no predominant effects 
on arm entries or the time spent in the closed or 
open arms of the EPM. Therefore, data from both 
sexes were analyzed together. The main effect of 
isolation was observed on the number of closed-arm 
entries (F1,41 = 6.447, p < 0.05) and interaction ef-
fect of seizure and isolation on the percentage of 
time spent in the open arms (F1,41 = 5.334, p < 0.05). 
As shown in Figure 4, all isolated rats exhibited fewer 
entries in the closed arms in the EPM test (Figure 
4A), and SE resulted in a decrease in the percent-
age of time spent in the open arms in the isolated 
rats but not in the normal-reared rats (Figure 4B).
4. Discussion
These results add to the evidence that early-life 
stress increases the vulnerability of the developing 
brain to seizure.17,18 In this study, all adult rats with 
NI experience exhibited fewer entries in the closed 
arms, indicating decreased locomotor activity,35 and 
early-life SE occurring in an isolated but not in a 
normal-reared rat could result in an increased level 
of anxiety behavior in the EPM test. Our findings sug-
gest that NI increases the long-term sequelae of 
anxiety following early-life seizure.
There is much data to indicate that the develop-
mental brain is more susceptible to seizures, and 
yet, the behavioral consequences tend to be subtle 
when seizures occur in early life compared to those 
in adulthood. In fact, psychiatric disorders, includ-
ing depression and anxiety, frequently occur in 
childhood epilepsy, and the relationship between 
epilepsy and psychopathology is poorly understood. 
Factors compromising brains to seizures are not 
completely elucidated, but this question has im-
portant clinical implications. One of the important 
factors affecting long life health is the stability of 
a child’s early life.28,29 Newborns primarily depend 
on their mothers to provide the appropriate en-
vironment and substrates for proper growth and 
sensory-motor development. Many relevant studies 
have looked into the effects of maternal neglect 
(human)20,25,28,29,39,40 and isolation from the dam and 
siblings (rodents).17,18,21,23,24,26 It has been reported 
that unstable parent-child relationships and out-
right childhood abuse are associated with increased 
mortality and morbidity from a wide variety of com-
mon diseases that continue throughout the adult 
life.29,39,40 Our previous study has demonstrated 
that NI elicits more CORT release after the induc-
tion of seizure and exacerbates the long-term cog-
nitive deficit after early-life seizure. In the present 
study, only the rats experiencing either NI or early-
life SE were found to display an anxiety level com-
parable to that of the rats in the NR group; however, 
rats suffering from NI+SE demonstrated an enhanced 
anxiety level in the EPM test. These findings ex-
tend a previous finding: NI + SE rats showed not only 
cognition worsening but also worsening of anxious 
behavior.
The persistent elevated anxiety levels in the 
NI + SE rats cannot be attributed to nutritional com-
promise because there was no obvious difference 
in the body weight between the groups; this is con-
sistent with the findings of previous studies.18,24 
Further, it is unlikely that this was due to hypother-
mia during the isolation because the cages were 
re gulated at a constant temperature of 30 ± 1°C to 
maintain normal body temperature in the rat pups. 
The most plausible speculation is that NI enhances 
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Figure 3  Comparison of body weight gain in the NR, NI, 
NR + SE and NI + SE groups. There was no difference in body 
weight gain. NR = normal rearing; NI = neonatal isolation; 
NR + SE = NR rats suffering lithium-pilocarpine-induced 
status epilepticus; NI + SE = neonatal isolation plus status 
epilepticus.
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the response to seizures that exacerbates the long-
term consequences, including anxiety behavior. 
Supporting this idea, the collated evidence shows 
that the isolation of the pup from dam could result 
in persistent enhanced CRF expression or increase 
in CORT response to novel stressors.18,21,30−32 Mental 
disorders, such as anxiety, are related to chemical 
imbalances in the central nervous system that in-
fluence behavioral responses to potentially stress-
ful situations. Two of them, CRF and corticosteroids, 
are crucial to the individual’s response to stressful 
situations and are particularly relevant to the de-
velopment of anxiety disorders.41−45 For example, 
higher CRF concentrations were found in the cere-
brospinal fluid of patients with chronic combat-
related posttraumatic stress disorder.45 On the 
other hand, Albeck et al demonstrated that re-
duced hypothalamic CRF is associated with blunted 
CORT response after presentation of a novel re-
straint stressor in the subgroup of subordinate rats.42 
With regard to the roles of CRF and CRT in the anx-
iety behavior in the EPM test, several studies have 
suggested that an increased expression of CRF 
in the amygdala may be involved in anxiety-like 
behaviors in EPM.46,47 Further, rats with enhanced 
locomotor activity following early postnatal CORT 
treatment were found to have a reduced number of 
CRF-containing neurons in the central amygdala.48 
Concordant with the above neurobiological evidence 
regarding the implication of high CRF expression 
and enhanced CORT response in early-life stresses 
and mood disorders, the present study demonstrated 
that NI produced reduction in the number of en-
tries in the closed arm, indicating reduced locomo-
tor activity, and contributed to the aggravation of 
anxiety behavior following early-life seizure. The 
result showing no difference in the percentage of 
time spent in open arms between the NI and NR 
groups is at least partially consistent with a previous 
report showing that rats subjected to daily isola-
tion for 1 hour from P4 to P9 spent less time in open 
arms than handled rats, but did not differ signifi-
cantly from the with-dam controls.11 This might 
indicate that the influence of neurobehavior result-
ing from only NI or early-life SE is too subtle to be 
detected using the present experimental methods. 
However, if early-life SE was induced in a brain com-
promised by NI, a distinct adverse effect would be 
produced.
In summary, this study extended a previous work 
and demonstrated that repeated brief NI can prime 
the brain to the harmful effects of early-life SE 
regarding not only cognitive decline17,18 but also 
anxiety-related behaviors. Early-life SE appears to 
produce more injuries in a stressed brain resulting 
from NI than in a brain in a normal environment.
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Figure 4  Comparison of behavior in the elevated plus-
maze in the NR, NI, NR+SE and NI+SE groups. (A) Number 
of closed arm entries; NI has a major effect on reduction 
in closed arm entries. (B) Time spent in the open and 
closed arms. (C) Percentage of time spent in the open 
arms; SE resulted in a decrease in the percentage of time 
spent in the open arms in the isolated rats but not in the 
normal-reared rats. Values are mean ± standard error of 
the mean. *p < 0.05 between NR and NI groups; †p < 0.05 
between NR+SE and NI+SE groups. NR = normal rearing; 
NI = neonatal isolation; NR + SE = NR rats suffering lithium-
pilocarpine-induced status epilepticus; NI+SE = neonatal 
isolation plus status epilepticus.
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